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SUMMARY

A detailed experimentalstudy was conductedto establishthe structure-propertyrelationshipsbetween
elevated temperatureaging and (1) fiber-matrixbonding, (2) Mode II interlaminar fracturetoughness, and (3) failure
modes of carbon fiber/PMR-15composites. The fiber-matrix adhesionwas varied by using carbon fibers with
differentsurface treatments. Short beam shear testswere used to quantifythe interracial shear strengthaffordedby the
use of the differentfiber surface treatments.

The results of the short beam sheartests definitely showed that, for aging times up to 1000 hr, the aging

processcaused no observable changes in the bulk of the three compositematerials that would degrade the shear
properties of the material. Comparisonsbetween the interlaminar shear strengths 0LSS) measured by the short beam
shear tests and the GII¢ test results, as measuredby the ENF test, indicated that the differ-encesin the surface

treatments significantlyaffected the fractureproperties while the effectof the aging pro-cess was probably limited to
changes at the startercrack tip. The fracture propertieschanged due to a shift in the fracture from an interfacialfailure
to a failure within the matrix when the fiber was changed from AU-4 to AS-4 or AS-4G.

There appears to be an effect of the fiber/matrixbonding on the thermo-oxidativestability of the composites
thatwere tested.The low bondingaffordedby the AU-4 fiber resulted in weight lossesabout twice those experienced
by the AS-4 reinforced composites, the ones with the best TOS.

INTRODUCTION

Duringthepasttwodecades,thecommercialavailabilityofthepolyimideresin,PMR-15,hasmadeit
possible to designand fabricate carbon fiber reinforcedcomposite structures that can sustain temperaturesas highas
316 °C for extended periods of time. This is about twice the temperature limit of commonlyused epoxy composite
materials.

• Also, during the past decade, a significantamount of work has been conductedto quantify the extent of
degradationand to comprehend the mechanismsinvolved in the degradationof the PMR-15 polyimideneat resin and
carbon fiber composites (refs. 1to 8).Microscopic examination of neat resin specimens,aged for various times at
elevatedtemperatures,figure 1, revealed that polymerdegradationoccurredinside of a thin surface layer that
progressivelyadvancedinward toward the center of the specimen(ref. 8).Evidenceindicated that the central portionof



the specimenremained unchanged.Fromthese observationsit was concludedthat com-posite aging damage was
probably confinedto the compositesurface layer.

The thermal-oxidativedegradationdata suggest that the mechanism(s)involved in the mechanical properties
changes observedin aged carbonfiber reinforcedcompositesare probablyinitiated in the outer surface layers that are °
formed duringthe aging. Therefore, propertieswhich are influencedby the fiber/matrix composition of the surface
should show more change due to the aging process, than those properties which reflect properties of the central,
protected sections of the composite materials. ,

Described herein are the results of a study which was designed to establishrelationships between the
Mode II fracture toughness failuremodes, as measured with the End NotchedFlexural (ENF) specimen, of a highly
crosslinkedpolyimide matrix and identical carbonfiber reinforcementswith three different surface treatments.The
surface treatments provided threedifferent levelsof fiber-matrixadhesion.The testing was conductedafter various
aging times at 316 °C.The results are compared with short beam interlaminar shear strength (ILSS) test results of
the same materials.

MATERIALS

The materials used in this study were the polyimide matrix polymer PMR-15 and three Hercules A-carbon
fibers, AU-4, AS-4, and AS-4G. The AU-4 fiber has an untreated surface with a minimum of active siteson the
surface. The AS-4 fiber was treated to introduceactive siteson the fiber surface. The third carbon fiber, AS-4G, was
surface treated and then the surfaceswere coated with a water soluble, epoxy-compatiblesizingreferred to as the
G-sizing.The fiber-matrix shear strength of the unaged materials were asssumed to be cor-related to the interlaminar
shear strength 0LSS). Such correlation has been shown for graphite/epoxy com-posites (ref. 9).The ILSS data in
this study suggest that the interfacial shear strengthsof AS-4/PMR-15 and AS-4G/PMR-15 are higher than that of
the AU-4/PMR-15 composite by about 60 and 74 percent respectively.

The three differenttypes of fibershavebeen showntoproduce three different strengths of interfacial
bonding, as reflected in compositemechanicalpropertries (refs.9 and 10).Possiblereasons for these differences are
attributed to surfaceroughness variances,percentWeighted DipoleMoment (WDM), and percent polar energy
(ref. 11). Investigators at the University of Akron have shownby the use of Atomic Force Microscopy(AFM), that
the A-type carbon fibers, producedby Hercules, have relatively smooth surfaces in relation to the surfacesof the
G-type (BASF) and T-type (Amoco)fibers (ref. 11). Two observationswere made. The first is that there are no
topographicaldifferencesbetweenthe untreatedand surface treatedA-typecarbonfiber surfaces.The second
observation was that the grain size of each of the three fibers was in the range of 20 to 100 nm and elongated in the
fiber axial direction. This indicatesthat the oxidative surface treatment that was used did not cause physical changes
in the A-fiber surface, and the mechanical interlocking of the fiber with the matrix is not the primary promoter of
interfacial bonding.

In another study (12), it was determinedthat dipole interactions between the polar groups on the fiber
surfaces and those along the PMR-15 backbone play an important role in the fiber-matrix bonding. In addition, the
highdegree of bonding promotedby the large concentrationsof surfacedipolemoeities allow the achieve-mentof
extendedretention of compositemechanical propertiesduring thermo-oxdativeexposure. The results of these two
studies indicate that the chemicalmakeup of polar groups on the surfacesof the A-type carbon fibers promotes the
differencesin the mechanicaland thermo-oxidativebehavior of the compositesmade from these reinforcements.

A 50 percent by weight of monomeric solution in methanol was used to impregnate the wound fibers. The
monomer solution was prepared at room temperatureby the addition of the three monomers in a 2 monomethyl ester
of 5-norbornene-2, 3- dicarboxylicacid: 3.087 4 4' methylene dianiline: 2.087 3,3', 4,4'-benzophenonetetracarboxylic
dianhydride stoichiometric ratio withenough methanol to make a 50 wt % solution.

The prepreg material was made by filament winding the fiber at 3.5 turns/cm.(9 turns/inch) for all three ,
fibers. The prepreg was then cut into 10.2by 10.2cm.(4 by 4 inch) squaresand stacked into panels containing 24
unidirectional plies and two pieces of Kapton film across one end and positioned perpendicularto the fiber direction.
These stacks were then cured under pressurefor two hours at 316 °C in a matchedmetal die mold in a heated press



after imidizing the stack of plies under a light pressure at 204 *Cfor one hour.The average cured thickness of the
plates was 0.71 cm. (0.28 in.) The laminate plates were then given a 16 hr standing postcure in air at 316 °C.

After postcure, the laminateswere inspectedby through-the-thicknessC-scan to check for blisters and the
° proper positioningof the Kapton inserts. Laminateplates which containedprocessing defectswere rejected and

replaced.

EXPERIMENTAL PROCEDURES

The specimen aging was done at 316 °C in an air circulating oven. The plates were positioned vertically
with the air flow acrossthe two larger, flat surfaces. The air flow rate was 100 cm3/min.The plates were periodically
removed, placedin a desiccator,allowed to cool to room temperature, and weighedon an analyticalbalance. Afterthe
weighing was completed, the plates were visually examined,and again placedwithin the ovens.

After the aging was completed, they were cut into test specimens with a water cooled, diamondwheel. Each
plate was cut into four strips about 2.54 by 10.2 cm. (1 by 4 in.) with the 10.2 cm. (4 in.) direction parallel to the
direction of the fibers. Prior to this operation, the plate edges were trimmed of 0.32 cm. (0.125 in.) of edge material.
A schematic of the specimen layout in the fabricatedpanel is shownin figure 2.

The Mode II fracture testing was done using the End NotchedFlexural (ENF) test method (ref. 9). The
dimensions and geometry of the ENF specimenare shown in figure 3. Each specimenwas built up of 24 uni-
directionalplies and contained a starter crack produced by two pieces of 0.0043 cm. (0.0018 in) Kapton film. Two
pieces were used to reduce the surfacefriction in the startercrack. The films were positionedin the midplane along
one end of the plate and perpendicular to the orientation of the fibers. Figure 4 shows a photomicrographof a
specimenprior to testing. The two pieces of film and the effect of the films on the fiber orientation are readily
evident in the picture.

A schematic of the ENF test specimen in the fixture is shown in figure 3. It is merely a three point flexure
test with midpoint loading. The tests were run on an Instron 4505 load frame using the Series IX soft-ware to
control the test and record the data. The midpointdeflectionwas monitoredby means of crosshead displacementonly.
Four specimens were tested at the laboratoryambienttemperatureand humidity for each fiberand at each aging
condition. The crosshead speedwas 0.025 cm./minute (0.01 in./min). The load and support rollers for the fixture
were sized according to ASTMD790. The test span was 8.89 cm. (3.5 in) which produced a span to depth ratio of
12.5.

The digestion of the composite specimens to measure the fiber content was done as detailed in ASTM-D
3171and reference 13.

Specimen density measurementswere made using the immersion techniqueas specifiedin ASTM792. The
liquid was distilledwater.

Interlaminar shear measurementswere done in accordancewith ASTM-D 2344. A span todepth ratio of 5
was used.

Glass transition temperatures,TG'S, were measuredby Dynamic Mechanical Analysis(DMA) in air using a

Rheometrics Mechanical Spectrometer/DynamicSpectrometerRMS-800/RDS 11. The temperature ramp rate was
5 °C per min and the strain was 0.5 percent.

RESULTS AND DISCUSSION

Thermo-OxidativeStability Results

• The degradationof the three types of compositeswas monitoredby changes in the physical and mechanical
states of the test material. Points of concern physically were the weight changes, optical observation of thermally
induced damagegrowth,and fracturesurfacemorphologychanges.Fracturetoughnessdegradationand flexural
modulus were the mechanicalfocal points that were tracked for thermal response.



The weight loss data from the aging of the unmachinedENF specimenplates are presented in Table I. Four
plates were made using each type of fiber. Three of these plates were aged at 316 °C for 240, 500, and 1000hr. They
are designated in the table by a,b, and c respectively. The fourth was tested in the unaged condition. The plates that
were agedfor 1000hours were also removed from the oven and weighedat 240 and 500 hours. The 500 hr plate was
also weighedafter 240 hours of aging. The large weight loss value for the AU-4c plate at 1000 hr is due to the extra
surfacearea producedby the cracking that occurredat the plate ends that were orientedperpendicularto the fiber
direction.Cracking was noted on this one plate, AU-4c, after 500 hr, but not on the end surfaces of AU-4b.The end
of plate AU-4e is shown in figure 5. It may be that the cracking was just starting to occur at 500 hr, therefore, the
effect of the newly forming crack surface area would be insignificant at this time.

Weight loss rate data is presented in figure 6. The order of thermo-oxidativestability of the three
composites, with the most stable first is AS-4, AS-4G, and then AU-4. It appears that interracial bonding and
surfacesizingplay an importantpart in elevated temperaturecompositedegradation.The differencesbetween the
AS-4 and AS-4G data may be due to the rapid degradationof the low temperatureepoxy sizing at the specimen
surfaceswhere the oxygen is present.

The data in Figure 6 show similarbehavior of the three different materials up to 500 hr of aging. The
weight loss rates increase significantly at 240 hr of aging. This is most likely due to the release of reaction products
that have not diffused from the composites during curing and postcuring. Then the rates decrease until the aging time
reaches 500 hours. During this time, a degradationlayer is forming and the interface between the layer and the
unoxidized central material is advancing inward (ref. 8). During the time interval from 500 hr until 1000hr, the
AS-4 and AS-4G reinforced composites lose weight at a steady rate while the weight loss rate increases for the AU-4
fiber reinforcedcomposite. The steady rate indicates that theinward rate of move-ment of the interface and the
composite surface inward movementdue to the mass loss from the surfaceof the layer are about equal. Cracking of
the edge surfacesof the AU-4reinforced compositeperpendicularto the directionof the fibersoccurredbeginning
around the 500 hr time. Its assumed that this cracking of the edges caused the increase in weight loss rate. The dashed
lineindicates the proposed weight loss rate for the AU-4 composite if the end cracking had not occurred. The
differencebetween the dashed line and the measured data would be the weightloss rate from the crack surfaces.

Mechanical Test Results

The following describes the ENF specimen and the mathematical description of the mechanics involved in
evaluating the results of the test. When a crack extension from an initial crack length of length a to a final length of
a+ba occurs in a linear elastic body, the Mode II strain energy release rate (SERR), GII, is given by:

Gn= -(1/W)(dU/da) (1)

where U is the total strain energy stored in the specimen and W is the specimenwidth. The strain energy released
during the crack extension (for a fixed grip case) is given by:

U= (l/2)Pu - (l/2)(P- 6P) = (l/2)uSP (2)

where P and u are the applied load and displacement respectively.
The extension of the crack from a to a+ba induces a change in the complianceof the beam. For a linear

elastic body, the relationship between load and displacementis:

u= CP (3)

where C is the compliance of the specimen. The crack extends when the value of GII reachesits critical value at the

time when P = Pc- Using equations (1) to (3):
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Gnc = (Pc2/2W)(d C/da) (4)

The GIICis referred to as Mode II fracturetoughness.

• The relationship between the compliance, C, and the delamination length is (ref. 14):

C = (2L3+3a3)/(8ElWh3)+(1.2L+0.9a)/(4WhGl3) (5)

where L is the half span, h is the specimen half thickness and E1and G13are the flexuraland interlaminar shear

moduli, respectively. The first term in equation (5) is attributed to the bending component while the second term is
due to the interlaminar shear component. By substitution,equation (4) becomes:

GII¢=(9a2pc2)/(16ElW2h3)(I+0-2(EI/G13)(h/a)2) (6)

E1and G13,the laminate Young'sand shear modulirespectively,were calculated from the followingequations

(ref.15):

E11= kflEfl+kmEm (7)

Where kfl and kmare the volume fraction of the fiber and matrix respectively. Efl is the Young'smodulus of the

fiber in the axis direction, and Emis the Young's modulus of the matrix. Ell varies from 108.6 GPa

(15.78 msi) at 50 v/o fiber to 129.6 GPa (18.8 msi) at 60 v/o fiber.

Gl13= Gm/( 1.kfl0.5 (1.Gm/Gf12)) (8)

Gmand Gfl 2 are shear moduli of the resin and the fiber. Their values were taken as 1.22 and 13.8GPa (177.3x103

and 2x106lb/in2) respectively from reference 15. The composite shear modulus varies from 4090 to 5263 MPa (593
to 763 msi) for fiber loadingsfrom 50 to 60 percent respectively.

Using calculated values for El and G13respectively from equations (7) and (8), and 1.90 and 0.305 cm. for a

and h respectively, the shear term varies between 0.14 to.13 for fibervolume fractionsbetween 0.50 and 0.65.The
variation is about 1 percent which is insignificant over the range of fiber volumes that were studied. Substituting
numerical values for h and a into equation (6) along with 2.4 cm. (0.94 in.) for the width, W, we obtain:

GII¢= 12.6x106(pc2/Ell)(l+5.12x10-3(Ell/G13))mN/m2 (9)

or

GIIC= 207.23(PcZ/Ell)(l+5.12x10-3(Ell/G13) in.lb./in 2 (10)

for specimens 2.4 cm. (0.93 in.) wide.
It is common practiceto remove all damagededge surfacesbefore test specimensare machined. A strip of

material, measuring 0.32 cm (0.125 in.) wide, was removed from each of the four sides of each plate to eliminatethe
damaged material. After leaving a 0.32 cm. (0.125 in.) overhang at the support pins at each end of the ENF
specimen, the final crack length became 1.90 cm (0.75 in.). This falls within the admissable 0.34 to 3.73 cm. (0.13
to 1.5in.) rangecalculated using the procedurerecommendedin reference 16.

• Representative examplesof the load-displacementcurves for the twelve types of compositesare shown in
Figure 7. Unstable crack growth, indicated by a sudden drop in load after crack initiation, is evident for all the
specimensthat were tested.Unstable crack growth would be indicated by a stepwise decrease in load with time. The
traces are characterizedby a sharp drop in load at failure for all the AS-4 and AS-4G reinforcedspecimens.The failure
point is rounded in the traces of the load-deflectiondata of the AU-4 specimens.This indicates there was a failure



process that took place over a finite period of time (stable crack initiation). Thiscould be due to, fiber breakage, fiber
pullout, or cracking at the fiber-matrix interfaceprior to the actual crack extension.

The load-displacementcurvesprovided the data neededfor the calculationsof the maximum load, Pc, and the

compliance, C. A summary of the mechanical test data that were acquired in this study is given in Table II. The
results of the acid digestion and composite densitymeasurements are given in Table II also along with the calculated
void fractionsfor each plate that was treated and tested. The Gn values are the averagesof data from four specimens.

Equation (9) was used to calculate the GIICvalues of the various specimens.The calculated average values

of Gnc (SERR) are listed for each of the twelve composites in Table II and presented graphically in figures 8 to 10.
In relation to the fiber surface treatment affects,the GIICvalues show a very largeincrease in value when the surface

is treated (AS-4 and S-4G) in comparison to those of the untreated (AU-4) fibers. The values are as high as seven
times greater for the treated fibers. The aging appears to havevery little effecton the AS-4 and AS-4G composites
during agingtimes up to 500 hr, but a significant effect for times between 500 and 1000hr. The fracture toughness
values For the AU-4 fiber reinforcedcomposites are about the same magnitude as those measured for the graphite
/epox composites reported in reference 9. The fracture tough-nesses for the compositeswith the AS-4 and AS-4G
reinforcements are larger for the PMR-15 matrix material than for those with the epoxy matrix. Examination of the
data shown inTables III and IV should indicate that the onlyprobabledifferencesin mechanicalproperties of the
constituent materials are those of the matrix polymers. The epoxy matrix used in the work of Reference 9 was
EPON 828 (Shell Chemical Co.). The reasonsfor the differencecan be explainedby the interlaminarand in plane
shearstrength differences.The ILSS values reported in reference 10, are also presentedinTable HI. Thesevalues
should be compared to the inplane shear data of references 10 and 17in Table IV. The PMR-15 matrix composites
possess inter-laminar shear strength values slightly higher than the values of the epoxy matrix composites. The
Iosipescuvalues from reference 10are also slightly lower than the Iosipescu strengthsmeasured in Reference 17.
Since the shear failure of the AU-4 composites is an interfacefailure and not a matrixfailure, it might be assumed
that the fracture toughness values for the two different composites (polyimideand epoxy)would be almost the same.
If the polymer fracture toughnesses are compared, it is evident that the GICvalue of the PMR- 15polymer is about

twice that of the epoxy. The values are 230 Jim2 for the polyimide (18) and 130Jim2for the epoxy (ref. 9).
Assuming that greater Mode I toughness signifies a greater Mode II toughness in comparing two polymers, the
larger values of GHCfor the polyimide matrixcomposites are to be expected.

It appears that the fracturetoughnessof the AU-4carbon reinforcedspecimens is not affected at allby the
weight losses due to the aging at 316 *C.This is shown more graphicallyin Figure 11 where GIICis plotted as a
function of composite weight loss. Statistically, the data from all four types of aged AU-4 specimens belong to the
same population.

The cause for the decrease in the Gr_cvalues of AS-4 and AS-4G compositeswith aging time canbe better

understood by comparing the Mode II fracturetoughness with the results of in-planesheartests, namely Iosipescu
and ILSS, for the same type of composites. Both specimens are designed to promote failure at the thickness
midplane. In Table III, the ILSS data for AU-4, AS-4, and AS-4G carbon fiber reinforcedcomposites are listed at
different aging times. Plates measuring 20.3 by 7.6 cm. (8.0by 3.0 in.) were aged for the required times and then the
shortbeam shear specimens were machinedfrom the plates.Thus, no ILSS specimenedges were directly exposed to
the aging environment. In contrast, no edges of the ENF specimens were exposed to the oxidizing atmosphere, but
the surfacesof the startercracks were.

The results of in-plane Iosipescu tests on the same A-type fiber/PMR-15composites (17) indicate no
significantchanges in either the shear moduli or strengths for any of the specimens during the aging process. These
results and those of the ILSS tests are consistent with and support the other evidence which indicates that composite
chemicalchanges are limited to the composite surface layers.

The data in Table III indicate that the aging process did not significantlyaffect the material at the midplane
of the ILSS specimens. The AU-4 specimens did show a 25 percent reduction in the ILSS after 2405 hr at 316 *C, "
but the reduction was insignificant at times up to 1084hours. The reduction maybe due to extensive surface damage
which resulted in a large amount of exposed fibers on the surfaces. Thiswould give false thickness readings.
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Except for the crack tip, the central materialof the ENF specimens should remain unchanged,both
chemically and mechanically,during the course of the agingperiods. Of course they didn'tretain initial mechanical
property values.These data suggest that the changesin the values of the Mode II fracturetoughness due to the effect

• of aging may be caused by oxidation at the crack tip. This means that internal delaminationsthat are completely
isolated from the exteriorelevated temperatureenvironmentwill probably notgrow in an acceleratedmanner due to
the exposure of the structure to the environment.

MicroscopicExamination

The fracture surfacesof representativespecimensfrom the twelve groupsof compositeswere examinedby
Scanning Electron Microscopy(SEM). The photomicrographsof these fracture surfacesare shown in figures 12to
14. The AU-4/PMR-15 composites show almost entirely interfacial failure with the exposure of almost completely
bare fiber surfaces along the fracture surface.The surfacesof the AS-4 and AS-4G composites show slightlydifferent
features. They do exhibit some interfacial failure, as evidenced by the bare fiber surfaces, but they also contain a lot
of surfacedebris and wave like or lip and peak sheartears.

An improvement in the adhesion between the fiber and the matrix, such as seen in the AS-4 composites as
compared to the AU-4reinforced composites,changesthe failuremode from interfacialfailure to a failurepartially
residing in the matrix. Matrix fracture involves the expenditure of more work than that involving an interfacial
fracture along the surface of a carbon fiber with minimal active sitespresent along the surfaces.This is due to the
available number of energy absorbing events that can occur, such as: matrix deformation,matrix cracking, fiber
pullout, etc. When the interracial strengthapproaches that of the matrix, the increase in interfacial bonding may not
result in as great an increase in GIIC as was producedby changing from AU-4 to AS-4 reinforcement.The fracture

morphology of the AU-4 composite specimenwas found to be slightly different than those of the AS-4 and AS-4G
specimens, and the surfacesof the AS-4 and AS-4G specimens appearedsimilar.

In the photomicrographsshown in figures 15to 17, the crack tip areas of the unaged ENF specimens are
compared with the those of the specimens that were agedfor 1000hr. It is evident that the failures at the crack tips
of the unaged specimens are sharp and straight.The epoxy metallographicmount materialhas filled the cracks in
these photos and may make examination a little more difficultbecause of this.The different materials are labeled and
denoted by arrows. Signs of degradationof the neat resin wedge in front of the starter crack are visible only in the
wedge in the 1000 hr AU-4specimen shown in figure 15. Voids are also observed in the resin rich areas in the
vicinity of the wedge. This indicates that the oxidizingatmospherehad penetrated to the crack tip. Voidswere also
observed in photomicrographsof AU-4 specimens aged for 240 and 500 hr at 316 °C.The agedAS-4 and AS-4G
specimens in figures 16and 17do not contain the round voids that are present in figure 15. The large horizontal
spaces between the ends of the films and the neat resin wedges suggest that a separationbetween the film and resin
wedges may have occurred at this juncture duringthe aging process.Therefore, there would be no film-resinstrain
energy absorbedduring failure since no crackingwould take place at this interfaceduringtesting. In effect, this would
have increased the starter crack length. This possibility was not consideredin selecting the dimensions used in the
calculationsof the GNCvalues presented herein. The slightincrease in the value of the crack length,a, as indicated in

equation (6), would increase the fracture toughnessvalue, but only slightly from the dimensions that are involved.
This would not be of significant contribution to the cause for the greater Gnc for the polyimide composiytesthan

for the epoxy laminates.
An AU-4 fiber reinforced compositeplate was aged in the oven at 316 °C for 1000hr. At times of 0, 240,

500, and 1000hr a stripof the plate was cut from the plate and retained for microscopicexamination.These
specimens were not subjected to mechanicaltesting. Afterthe strips were removed the plate was returned to the oven
for further aging. Figures 18(a) and (b) show theprogression of degradationat the crack tip as the aging time reached

• 1000 hr. These pictures clearly show that an extensiveamountof degradationoccurs in the matrix at the crack tip as
the aging process continues.These pictures confirmthat the voids observed in figure 15 are real and also that they
are caused by the oxidative aging of the AU-4/PMR-15composite material.

A significantlydifferent behaviorof the AU fiber reinforcedENF specimenswas noted after testswere
conducted and the specimenswere cut. They were cut one inch past the end of the starter crack to allow examination



of the newly formed crack surfaces.The two pieces of the specimensreinforced with AS-4 and AS-4G fell apartwhen
the cut was made. There was no evidence of any bonding betweenthe surfacesof the extendedcracks. In contrast,the
specimensthat were reinforcedwith AU-4 fibers had to be separatedby prying them apart. The reason for this
difficulty in separating the two pieces of the tested AU-4 reinforcedcomposites is apparent in figures 15to 17.The
widths of the extended cracks are greater for the AS-4 and AS-4G specimensthan for the AU-4 specimens. The cracks
in the AU-4 specimens are barely visible. This is probably due to the magnitude of the load at failure. The lighter
loadresults in a smaller flexuraldisplacementand smallerrelative displacementsbetween adjoining fibers that are
positioned on opposite sides of the new crack.

T_.Measurement--The TG'Sof the three materials at different aging times are presented in Table II. It is
evident that there are no significantdifferences in TG'S at any of the times that were studied.The TG'S for all three

materials increase with agingh time.

SUMMARY ANDCONCLUSIONS

A detailed experimentalstudy was conducted to establishthe structure-propertyrelationships between
elevatedtemperatureaging and (1) fiber-matrixbonding, (2) Mode II interlaminar fracturetoughness, and
(3) failure modes of carbon fiber/PMR-15composites. The fiber-matrix adhesion was variedby using carbon fibers
with different surface treatments.Short beam sheartests were used to quantifythe interfacial shear strengthafforded
by the use of the different fibersurface treatments.

The results of the shortbeam shear tests definitely showed that, for aging times up to 1000 hours, the
aging process caused no observablechanges in the bulkof the three composite materialsthat would degrade the shear
propertiesof the material.This indicatesthat the mechanicalproperties that are degraded by extendedelevated
temperature aging are those thatare sensitiveto composite surfacechanges and thickness reductions due to surface
degradation.Comparisonsbetween the interlaminarshear strengths (ILSS) measuredby the short beam shear tests
and the GIICtest results, as measured by the ENF test, indicated that the differences in the surface treatments

significantlyaffected the fractureproprties while the effect of the aging processwas probably limited to changesat
the starter crack tip. The fractureproperties changed due to a shift in the fracturefrom an interfacial failure to a failure
within the matrix when the fiber was changed from AU-4 to AS-4 or AS-4G.The failure surface topography
indicates that some plastic deformation tookplace in the Mode II fracture process.

The only changes in the neat resin wedge at the pre-crack tip of the AU-4ENF specimen involved the type
of degradation previouslyobserved in large specimens of neat resin PMR-15.Voids and cracks were not found in the
small wedges of matrix material that were formed in the precracks in the AS-4 and AS-4G specimens. The initiation
of the crack extension actually involvedthe separationof the composite from the neat resin wedge surfaceand not an
interlaminar delamination. The observations that were made in this investigation obviously do not pertain to
delaminations that are not directly exposed to the damaging environment. From the ILSS results, it is expected that
under these circumstances,no degradationof fracture toughnesswould occur due to thermal aging.

There appears to be an effect of the fiber/matrixbonding on the thermo-oxidativestability of the composites
that were tested. The low bondingaffordedby the AU-4 fiber resulted in weight lossesabout twice those experienced
by the AS-4 reinforced composites, the ones with the best TOS. In addition, the ends of the specimens with the
AU-4 fibers began developing cracks parallel to the fibersafter 500 hours of aging. The neat resin wedges at the ends
of the crack tips of the agedAU-4 specimens contain voids like those in figure 1. The AS-4G composites had better
TOS than the AU-4 specimens, but somewhat worse TOS than the AS-4 composite specimens. This was probably
due to the presence of 1.5 percent epoxy sizing at the fiber/matrix interface. The low temperature epoxy sizing
probably degraded fast at the surfacesallowingrapid penetrationof the air throughthe interfaces.

When the TOSdata are presented in terms of weight per hour and surfacearea, the weight loss rate appears
to be constant after an initial transitionperiod which was about 500 hours in this study. The onset of destructive "
occurrences,such as crack formation and other new surfaceforming events, canbe observed as an increase in the rate
of weight loss with time. This type of data monitoring should be investigated further to see if it can be utilized in
defining the mechanisms that can be used to model long term environmental exposure of polymer matrix
composites.
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TABLE I.--THERMO-OXIDATIVE
STABILITY OF ENFSPECIMENT

PANELS (10.2x10.2 cm)

Fiber Aging Weight Weight
time, loss, loss,

hr Gms percent

AU-4a 240 0.706 0.62
AU-4b 240 .8103 .72
AU-4c 240 .8901 .79
AU-4b 500 1.1537 1.01
AU-4c 500 1.3775 1.22
AU-4e 1000 3.9188 3.47

AS-4a 240 0.3725 0.32
AS-4b 240 .4184 .36
AS-4c 240 .4041 .34
AS-4b 500 .5787 .5
AS-4c 500 .6803 .52
AS-4e 1000 1.4018 1.19

,, AS-4Ga 240 0.6645 0.60
AS-4Gb 240 .6574 .55
AS-4Gc 240 .7088 .62
AS-4Gb 500 .904 .76
AS-4Gc 500 .8847 .77
AS-4Ge 1000 .725 1.5



TABLE II.----MODEII FRACTURE TOUGHNESS AND
OTHER PROPERTIESOFCOMPOSITES

Specimen Aging Fiber content, Void content, Fracture toughness Flexuaral Glass transition
time, percent by volume percent by vol- G, Kj/m, modulus, temperature,

hr ume in.lb/sqin. GPa, Msi °C

AU-4 0 51.0 0.0 0.42 (2.4) 66.2(9.6) 337
AU-4 240 59.0 1.4 .40 (2.26) 70.3(10.2) 344
AU-4 50 57.6 0.0 .44 (2.53) 73.1(10.6) 350
AU-4 1000 55.5 1.0 .33 (1.86) 73.1(10.6) 362

AS-4 0 57.8 0.2 2.73 (15.56) 80.0(11.6) 345
AS-4 240 55.0 0.0 3.26 (18.59) 77.2(11.2) 361
AS-4 50 60.4 0.0 2.04 (11.64) 84.1(12.2) 379
AS-4 1000 58.8 0.0 1.611 (9.20) 77.9(11.3) 363

AS-4G 0 56.7 .5 2.37 (13.52) 78.6(11.4) 354
AS-4G 240 59.1 .6 1.63 (9.33) 78.6(11.4) 343
AS-4G 50 55.0 1.1 2.16 (12.33) 73.8(10.7) 341
AS-4G 100t) 59.6 1.3 .70 (3.99) 71.0(10.3) 360

TABLE III._INTERLAMINAR SHEAR STRENGTH FOR UNDIRECTIONAL
COMPOSITES REINFORCEDWITH DEFFERENT A-TYPE CARBON

FIBERSANDAGED AT 316 °C FOR DIFFERENTTIMES

Time, 0 72 144 552 696 1084
hrs

Interlaminar shear strength MPa/(Ksi)

PMR-15

AU-4 55.7(8.1) 82.6(12.0) 87.4(12.7) 55.7(8.1) 54.6(7.9)
AS-4 89.1(12.9) 82.6(12.0) 87.4(12.7) 85.4(12.4)

AS-4G 96.9(14.1) 93.8(13.6) 88.5(12.8)

Epoxy'

AU-4 47.6(6.9)
AS-4 84.1(12.2)

AS-4G 93.1(13.5)

TABLE IV.---IOSIPESCUSHEAR STRENGTHSOF PMR-15
AND EPOXYCOMPOSITES

Matrix/Fiber Shear strength,
MPa

PMR-15/AU--4 78.4
PMR-15/AS-4 113.0
PMR-15/AS-4G 97.8

Epoxy/AU-4 55.0
Epoxy/AS-4 95.6

Epoxy/AS--4C 93.8
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/_ Surface layer

Figure 1.--Surface layer degradation in PMR-15
neat resin after aging in air at 343 °C for 362 hr.
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Figure4.mUnagedAU-4/PMR-15 unidirectionalcomposite.Solidwedgeat rightis neat resinmaterial.

Figure5.---Crackedendof AU-4 panelthat wasagedfor500 hrat 316 °C.
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Figure12.nFracture surfacesof AU-4 carbonfiber reinforcedENF specimensafter completionof tests.
(a) Noaging, (b) Aged at 316 °C for 1000 hr.

Figure13.nFracture surfacesof AS-4 carbonfiber reinforcedENFspecimensafter completionof tests.
(a) Noaging. (b) Aged at 316 °C for1000 hr.

Figure14._Fracture surfacesof AS-4G carbonfiber reinforcedENF specimensafter completionof tests.
(a) No aging.(b) Aged at 316 °C for 1000 hr.
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Figure15._ENF specimencrack tips after testing128X. (a)AU-4 fiber, noaging.
(b)AU-4 fiber,1000 hr.

o

Figure 16._ENF specimencrack tips after testing 128X. (a)AS-4 fiber, noaging.
(b)AS-4 fiber,1000 hr.
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Figure17.mENF specimencrack tips after testing128X. (a)AS-4G fiber, noaging.
(b)AS-4G fiber,1000 hr.
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Figure18._Untested Mode II specimensof AU-4/PMR-15 compositesafter agingat 316 °C forvarious

times. (a) Noaging. (b) 1000 hrof aging.
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